Auxiliary bearings are present in active magnetic bearing systems to prevent rotor/stator contact. If rotor/bearing contact occurs, significant impact forces may arise. Furthermore, linear control strategies may become ineffective due to the non-linear dynamics introduced by the auxiliary bearing. Rotor/auxiliary bearing contact is therefore an important consideration for the continued safe operation of an active magnetic bearing system. This work utilizes the localized nature of wavelets coefficients in characterising rotor/bearing contact responses. An experimental approach is adopted using a flexible rotor/active magnetic bearing test rig. Different disturbances resulting in periodic rotor contact and rotor/bearing rub were applied using a single active magnetic bearing. Rotor displacements were measured and the radial component and associated wavelet coefficients identified from off-line data processing. Variations of the wavelet coefficients characteristics corresponding to the periodic contact and rotor/bearing rub are assessed. The choice of mother wavelet is seen to have only a small effect on wavelet coefficient values. Wavelet analysis is shown as a feasible method for identifying time-frequency characteristics of rotor/bearing contact.
INTRODUCTION
Active magnetic bearings are used in a range of applications with benefits for contact free/frictionless support, high rotational speeds, vacuum environments and active vibration control. In many applications active magnetic bearings are configured to operate with minimal stiffness in order to reduce transmitted forces. However, during system disturbances the orbit of the rotor could become significant when compared to the rotor/magnetic bearing lamination clearance. To prevent rotor/lamination contact, auxiliary bearings form part of the support structure. It is common to have several auxiliary bearings or bushes positioned along the rotor to ensure safe operation. After initial rotor/bearing contact several different responses can occur [1] [2] [3] [4] [5] . The rotor responses can involve periodic, synchronous and subharmonic, impacts or rotor whirl with asynchronous impacts. Constant rub can occur in a synchronous orbit and in an orbit with a self excited asynchronous vibration. The localized stresses involved in contact can be significant due to the small contact zone. Furthermore, frictional heating due to rotor rub needs to be dissipated. In the case of periodic, synchronous and subharmonic, impact and rub this can be further compounded. It is therefore advantageous to be able to identify the contact type to enable on/off line assessment of the system condition.
The interactions and dynamics involved in rotor/bearing impact are covered by a wide body of literature. Fumagalli et al. [2] predict mode shapes and corresponding bearing loads for a simple rigid rotor in two sliding retainer bearings. Further work has considered Coulomb friction and the coefficient of restitution to identify contact force and contact duration from experimental measurement [6] . The existence of high order subharmonic rotor vibration has been considered by Ehrich [3] . Chaotic and regular vibration patterns of rotor vibration within a rotor/bearing/stator system are identified by Muszynska [4] . Ishii and Kirk [7] present a theoretical formulation to model transient activity during rotor drop. Lawen and Flowers [8] develop and validate experimentally a model of a flexible rotor interacting with auxiliary bearings. Coupled shaft/bearing vibration modes and their influence on rotor dynamic behavior is further considered in [5] . Keogh and Cole [1, 9] present an idealised contact model to assess contact modes and formulate a synchronous strategy to recover position control of the rotor. A constrained Lagrange approach is introduced in [10] for efficient modelling of the behavior of the rotor under contact conditions. Thermal considerations in rotor bearing impacts have also been considered in [11] .
The localization characteristics of wavelet analysis have been well exploited. Some examples include ultrasound analysis [12] , image processing [13, 14] , signal de-noising [15, 16] and vibration analysis [17] [18] [19] . The use of harmonic wavelet maps was proposed by Newland [17, 20] as a way of recording detail in a vibratory signal that may otherwise go unnoticed. Chancey et al. [18, 21] also use harmonic wavelets to consider characterisation of rotor dynamic vibration. Staszewski [19, 22] makes use of the continuous wavelet transform in identifying the damping characteristics of multi-degree-of-freedom systems. Other applications to rotating machinery components include rolling element bearings [23] , gearboxes [24, 25] , cracked rotors [26] and rotor fault identification [27] .
The inherent localization involved in wavelet analysis is reflected in the short time duration and transient behavior exhibited during rotor/bearing contact. From an understanding of the system parameters it is proposed that wavelet coefficient analysis can be applied as method of characterizing and evaluating rotor/bearing contact events. This in turn may lead to a method of condition monitoring in the wavelet coefficient domain.
WAVELET ANALYSIS
Wavelet analysis is centered around the transform of a signal, f (t), into its time-frequency components. A specific timefrequency wavelet coefficient, dictated by a wavelet ψ(t), is given by c(a, b). The choice of the wavelet is limited by the condition that it must have zero mean. It is therefore inherently oscillatory in nature. Specifying that the wavelet has a finite nonzero range allows for resolution in time. In general the wavelet transform is defined as
where a and b dilate and translate the wavelet, respectively. A discrete approach can be undertaken to identify the time wavelet coefficients on a grid. The corresponding dilation and translation variables are discretized as a = a 0 m and b = b 0 n where a 0 and b 0 are the minimum grid spacings and m and n are positive integers. For real-time applications the discrete wavelet transform can be implemented using a filterbank. The impulse response of the corresponding filters defines the mother wavelet. Although wavelet analysis is a time-frequency transform, the resolution varies between wavelets. The effectiveness of different wavelets in identifying contact transients may also vary with their shape. Figure 1 shows examples of different mother wavelets from the Daubechies and Coifman families. These will be used to identify the time-frequency characteristics of measured rotor displacement signals during rotor/bearing contact. A full explanation of wavelet analysis and filterbanks can be found in [28, 29] .
ROTOR/BEARING CONTACT DYNAMICS Rotor Dynamics
The dynamic equations of motion for a rotor can be evaluated from a discretized model as explained by Nelson and McVaugh [30] . The lateral rotor displacements at N discrete nodes can be specified by a vector x(t). Corresponding disturbance, contact force and control force vectors can also be specified as f(t), f c (t) and u(t), respectively. For a given rotational speed, Ω, the dynamics of the rotor can be derived from
M, C, K and G represent the mass, damping, stiffness and gyroscopic matrices respectively. B f , B c and B u are distribution matrices used to map the dimensions of f, f c and u to that of x. Since the auxiliary bearing is concentric with the zero displacement rotor position, it is a natural to consider the system in a rotating reference frame where the phase is dictated by the contact plane. Define
where Ω and φ represent the rotor angular velocity and the phase angle to the contact patch. S maps the dimensions of T and Γ to that of x. Noting thatṪ = ΩΓT andT = −Ω 2 T, the transform x = Tr impliesẋ =Ṫr+Tṙ andẍ =Tr+Ṫṙ+Tr. The dynamics of the rotor in a rotating frame, r, satisfy
where M r = M, C r = ΩG + C + 2ΩΓM and
Here f r , D c and u r represent the transformed disturbance, contact and control forces, respectively.
Evaluation of Rotor/Auxiliary Bearing Contact Dynamics
At a specified node n, the synchronous rotor displacement vector and corresponding contact force vector can be expressed as
It is assumed that the auxiliary bearings can be represented by a stiffness term k c , damping term c c , and coefficient of friction µ (Fig. 3) . The contact force at node n, during contact, can be defined by
where c n is the rotor clearance at a given bearing location. The contact stiffness and damping can be generalized for all bearings 
where each element of Z(r) is either zero or unity in order to specify rotor/bearing contact at specific locations. C n is a 1×N vector containing the rotor clearances at each node. 
ROTOR/ACTIVE MAGNETIC BEARING TEST RIG
Experimental measurements of rotor/auxiliary bearing contact were performed on a test rig comprising of two active magnetic bearings and a flexible rotor (Fig. 2) . The rotor consists of a 2 m long, 5 cm diameter shaft of mass 50 kg with four additional 10 kg disks. Each disk is 5 cm thick and has a diameter of 25 cm. There are also two shaft mounted active magnetic bearing cores of 5 kg each. The rotor is supported by two radial eight-pole active magnetic bearings (AMB's). Each AMB can provide a maximum radial force of 1.7 kN before roll off at 100 Hz. The magnetic bearing control axes are at 45 deg to the vertical to maximise static load. The eight poles are arranged as four orthogonal opposing pairs. A total of eight eddy current transducers measure rotor position relative to the system base. Sensors are positioned adjacent to both active magnetic bearings and end disks. Auxiliary rolling element bearings are present inside the active magnetic bearings and provide a rotor clearance of c n = 750 µm. Additional bush type bearings are present along the rotor and have a clearance of c n = 900 µm. Local proportional-integral-derivative (PID) control action was applied using the four position transducers positioned adjacent to the active magnetic bearings. The PID controller was configured to ensure rotor stability with a low effective stiffness to reduce transmitted forces. The first two nominally rigid body modes of 
EXPERIMENTAL TESTING Test Procedure
Experimental tests were performed using the test rig described. Rotor/auxiliary bearing contact was induced at the nondriven end bush by applying disturbance forces through the nondriven end active magnetic bearing. It is acknowledged that additional rotor/bearing impact may also be present within the system. Initially a sudden change in the disturbance force of 300N was applied, after 0.1 s, in the horizontal x-direction at a frequency of 11 Hz, corresponding to the first critical speed of the rotor with PID control action. A rotor speed of 5 Hz was selected to allow forward and backward disturbances while ensuring safe operation in the event of rotor whirl. An additional component was added in the vertical y-direction, as a fraction of horizontal xdirection component magnitude, to produce an elliptical/circular disturbance force. This enabled variation of the impact angle to be achieved. This approach was undertaken with both forward and backward disturbances relative to the rotation of the rotor. Four different cases were considered. Case 1: the y-direction disturbance was 20% of the x-direction acting in a backward sense when compared to the rotor angular velocity. Case 2 was identical to Case 1 except the y-direction disturbance was increased to 65% of the x-direction magnitude. Cases 3 and 4 were the same as Cases 1 and 2 respectively, except the disturbance acted in a forward sense when compared to the rotor angular velocity. Figure 4 shows the rotor displacements normalized to the auxiliary bearing clearance measured at the non-driven end bush, sensors 7 and 8 (Fig. 2) . The measured rotor displacement was converted to a radial displacement and the wavelet coefficinets were identified using the mother wavelets shown in Fig. 1 over the range of 40× to 1× the disturbance frequency. This was limited by the sampling time of the digital control system used.
Case 1
The rotor displacement within the clearance is shown in Fig.  4 (a) . The highly elliptic disturbance force is shown to excite the rotor into a periodic contact mode with some rotor/bearing rub. Wavelet coefficients, evaluated using Daubechies 2, with a pseudo-frequency range corresponding to 40× to 1× the disturbance frequency are shown in Fig. 5 (a) . The initial rotor/bearing contact is identifiable after which the time-frequency response is seen to reach a steady state. This is consistent with the periodic contact mode of the rotor. A significant high frequency is component is also identifiable. This is attributed to the large approach angle of the rotor prior to contact. This results in a sudden, high frequency, change in the rotor displacement. The time response of specific wavelet coefficients with pseudo-frequencies corresponding to 40×, 30× and 13× the disturbance frequency are shown in Figs and 13× the disturbance frequency respectively. (c), (e) and (g) show wavelet coefficients evaluated using different mother wavelets
Case 2
The y-component of the disturbance was increased from 20% to 65% to vary the approach angle of the rotor before ro-tor/bearing contact. The rotor was seen to undergo several small bounces before settling in to a constant rub in a backward direction. The wavelet coefficients present in the radial rotor displacement contain a significant spectral component associated with the initial contact, similar to Case 1. The subsequent bounces and final rotor/bearing rub are unclear. However, the subsequent bounces with increasing rotor/bearing rub have a longer contact time. Correspondingly, the spectral content of the radial displacement show a small increase in the 30× disturbance frequency wavelet coefficients. The higher freqeuency wavelet coefficinets remain at a steady level. This can be seen more clearly in Figs. 6 (b), (d) and (f) . Horizontal lines have been added to highlight the increase. Figures 6 (d) and (f) have addidtional enveloping lines showing the increase in wavelet coefficients magnitude.
Case 3
Here, the rotor disturbance is identical to Case 1, however, it is now acting in the opposite direction (backwards). The relative difference in rotor/bearing velocity at the contact zone causes a shorter rub length, as seen in Fig. 4 (c) . Wavelet coefficients present in the radial are similar to Case 1. However, the shorter rub lengths result in larger approach angles or the rotor. Hence the larger magnitude of the wavelet coefficient in Figs. 7 (b) to (g).
Case 4
The rotor disturbance, like Case 3, is acting in a backward direction with the same disturbance magnitude as Case 2. Figure 4 shows the rotor to undergoing continuous rotor/bearing rub after several bounces. The change in relative rotor/bearing velocities at the contact zone between the forward and backward cases is seen to increase the number of rotor bounces. The high frequency wavelet coefficients in Figs. 8 (b) and (d) show the initial contact followed by another significant contact before reaching a steady level. This corresponds to the rotor bouncing before constant rotor/bearing rub. The horizontal and additional enveloping lines shown in Case 2 have been added to Figs. 8 (b), (d) and (f). The shortest scale wavelet, Fig. 8 (b) , shows a steady magnitude. However, the increased approach angle of the rotor results in larger magnitude wavelet coefficients when compared to Case 2. As with Case 2, the 30× disturbance frequency wavelet coefficients are seen to increase.
CONCLUSIONS
An investigation has been performed to identify characteristic behavior of wavelet coefficients present in measured rotor displacement signals during rotor/auxiliary bearing impact. Rotor/auxiliary bearing contact was initiated on an experimental test rig using disturbances designed to induce periodic and constant and 13× the disturbance frequency respectively. (c), (e) and (g) show wavelet coefficients evaluated using different mother wavelets rub responses. Off-line analysis of the measured signals was performed to identify the associated wavelet coefficients using several different mother wavelets.
Variations in the expected time-frequency content between the periodic and constant rub cases were identified in the wavelet coefficient domain using both forward and backward disturbances. However, limitations in the sampling rate used were evident. It is envisaged that using shorter scale wavelet coefficients may help to identify rotor bounce. It is acknowledged that shorter scale signal noise may also be significant. Consideration of the 40× and 30× disturbance frequency wavelet coefficients during the moderately elliptic cases showed an increase in the 30× disturbance consistent with the increasing rub duration with each bounce. In principle, this approach could be used in an on-line application as part of a condition monitoring or control algorithm.
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